Abstract-The accurate Synthetic Aperture Radar (SAR) image registration is important for exact analyses of mine deformation and ecological environment change. Currently, many image registration algorithms have been proposed, but these registration algorithms cannot be directly applied to SAR image, so an integrated registration approach is presented in this paper. Firstly, it is the coarse matching with Canny edge dividing regions; secondly, it is the fine matching by SIFT algorithm with improved Canny edge features; finally, obtain accurate registration SAR image. This approach has fewer computations than that simply using SIFT feature matching. Experimental analyses with SAR images of Yanzhou Mine demonstrate the efficiency and the accuracy of this approach for mine SAR image registration, which provides a simple and effective tool in SAR monitoring of mining deformation and ecological changes.
I. INTRODUCTION
The exploitation of the mines has brought huge economic and social benefits for the community in the past, but the ecological environment around the mines is seriously damaged, and the sustainable development of the mining region is greatly affected. In order to take reasonable technical measures to mitigate and control the impact of underground mining, it is necessary to conduct a comprehensive monitoring of the mine ecological environment. Traditional monitoring method is of high precision, but its cost is high and it is not the all-time, all-weather one.
Proposed in the 1960s, the Synthetic Aperture Radar interferometry (InSAR) technique is characterized by the all-time, all-weather, wide coverage, which has been applied to volcanoes, earthquakes, city change detection, mining deformation monitoring, ice shifts, and other fields. At present, the monitoring with SAR images of the mine deformation and ecological environment has become a hot research at home and abroad. Moreover, in SAR technology, the precision of SAR image registration plays a key role, so the study on SAR images registration has large theoretical and practical significances.
Image registration technology is the core in the field of image processing. If the registration only uses point feature, it is difficult to meet the requirements of various mature methods, as the SAR image is impacted by registration algorithms. Existing algorithms have been widely applied to the processing of remote sensing image [1] , computer vision [2] , pattern recognition [3] and so on. Feature-based registration algorithm is one of the hot and difficulties issues at home and abroad, and major algorithms of this kind include SIFT registration algorithm [4] , Harris registration algorithm [5] as well as Maximally Stable Extremal Regions (MSER) [6] registration algorithm. These algorithms are applied successfully in the optical images registration. Due to different image mechanisms between SAR and optical images, however, if feature-based registration algorithm is used directly in the SAR image, some defects in the SAR image registration cannot be avoided, such as low accuracy, high rate of mismatching.
Existing SAR image registration algorithms are generally based on gray correlation. These algorithms can satisfy the needs of radar interferometry, but cannot achieve the accuracy required by the wide-baseline SAR image matching, nor can meet the complex requirements of mine monitoring. To improve the accuracy of wide baseline SAR image registration, this paper draws on the optical image registration algorithm-the current research focus-and puts forwards the feature-based matching algorithm.
SAR image registration mainly includes homologous SAR image registration, SAR and optical image registration. Among SAR homologous images, there exists great deformation; especially for wide-baseline SAR image, there is a large difference between the same feature grayscale images, so grayscale-based images registration method is ineffective in SAR image registration. So far, many mature algorithms of feature-based SAR image registration have been proposed. For instance, Prof. Dare and Dowman matched the same name point by edge feature points of the image [7] , but this method is complicated. DeBonet et al. presented the texture-driven SAR image automatic registration method [8] . This method can be used when SAR image has more bright points or feature lines as matching features, which, however, under normal circumstances cannot be found. Another method is the image automatic registration based on invariant moments. It initially requires extracting image features in closed areas, and then registers the same name points with the regional gravity [9] , but closed area features of this algorithm cannot be acquired in the SAR image processing, because of low SAR image SNR [10] .
Integrating wavelet iterative refinement and information fusion, Prof. Zhang Yuqiu proposed homologous SAR image registration method [11] . This method is effective when SAR image distortion is small, but it is difficult to register images with different resolutions. In general, common image registration algorithms are no longer suitable for real-time SAR image registration when there exist large deformation, rotation and scaling, etc, between master image and slave image. Thereby, an integrated method combining local complementary invariant feature is presented in this paper. With this method, images are, first, coarsely matched by regional feature, and then finely matched by improved SIFT.
The remainder of this paper is organized as follows. In Section 2, the coarse matching is introduced. In Section 3, the fine matching is explained. Then, SAR images with the integrated approach are registered in Section 4. In Section 5, the integrated approach is demonstrated with experiments. Finally, the conclusion is drawn.
II. COARSELY MATCHING
To preliminarily correct geometric transformation between master image and slave image, the regional feature is used to coarsely match SAR images because it has more available registration information than point feature and line feature have. The typical region is critical in the region feature-based matching, which means the master image and the salve image are respectively divided into regions with their edge feature. This process is achieved by edge detection and connection.
This paper presents a registration method that combines Canny operator [11] , the intensity operator and mathematical morphology optimization to complete edge extraction and connection and further to achieve image segmentation, which not only ensures the accuracy of the edge extraction and protects weak edges, but also completes edge optimization and connection in a quick manner. The registration process is shown in Figure 1 .
A. Edge Extraction and Connection
Currently, Canny edge extraction operator [13] [14] , proposed by John F. Canny in 1986 and based on the first derivative of the Gaussian, is a good edge extraction operator. This operator has advantages of high positioning accuracy and effective suppression of false edge points when it detects edges, while Log operator [15] , Sobel operator [16] and Laplacian operator [17] have no such advantages. The steps of canny edge detection are as follows: (1) to (4), the respective edge images 1 I and 2 I of the original master and slave image are obtained. 
B. Edge Optimization
There are some isolated pixels and even the individual "false edge" when edge pixels are detected, because SAR image can be seriously affected by noise. Besides, only those typical large regions are used in matching; hence edges of some small regions or false edges are removed by morphological opening and closing operator. Then the edge of the remaining large region constitutes the edge image oi I ( 1, 2) i  , so the amount of calculations can be reduced. The image Ti I ( 1, 2) i  is obtained by optimizing the edge image, expanding, connecting, eroding and refining the edge of the unclosed region. Finally, the region image is gained by filling the closed area, and the binary image of the region can be denoted by 12 { , , , } 
C. Region Feature Matching
After the obtainment of regional feature images, it is necessary to describe their regional features of the two images in order to match them. In this description, the effect should be eliminated of translation transformation, rotation transformation and scale transformation between the images. The major descriptors involve boundary length, boundary curvature, moment, chain code, i.e. which may be used alone or in combination. In this study, 7-order invariant moment descriptor is employed, as it can effectively and quickly describe the regional feature of the image. The complete description is demonstrated in [18] .
Master and slave image regions are described by 7-order invariant moments 1 2 7    of the image regions to constitute vector 1 2 7 [] The Euclidean distance of the vector i  of master and slave images is a similarity measure when they are coarsely matched, and its distance formula is as follows:
The smaller the Equation (2) value is, the higher the matching accuracy is.
Spatial geometric transformation of SAR images has been initially corrected after the coarse matching, but the match accuracy is low. The match accuracy of SAR images must be improved to achieve accurate monitoring of complex ecological mine environment.
III. FINE MATCHING

A. Feature Detection
The fine matching uses SIFT detection with improved Canny feature, which was proposed by Yang Qiuju, et al [13] , since SIFT detects a large number of feature points whose robustness is optimized and enhanced by Canny edge feature points. The detection process is as follows:
(1) Detect the candidate feature points with SIFT operator. Then filter out some edge response points with principal curvatures of DOG operator. Finally, locate the position of each feature point 1 p in the original image. (2) With Canny algorithm, calculate the point set 3 p of 33  neighborhood of each edge point 2 p extracted in the coarse matching.
(3) Compare the coordinates of candidate feature points 1 p in Step (1) and edge points 2 p in Step (2). If their coordinates are equal, the feature point 1 p is discarded; otherwise 1 p will be compared continuously with the set 3 p . If its coordinate is equal to one of point coordinates in 3 p , 1 p will be discarded. Conversely, 1 p will be nonstop compared with other edge points generated in
Step (2) . If none of these edge points have the same coordinates with 1 p , 1 p will be retained;
otherwise it is removed. The entire process can be represented by the formula (3) and (4):
f , 1 p will be discarded; on the other way around, the formula (4) continues working. In the formula (4), if 2 =8 f , 1 p will be retained; if 2 =7 f , 1 p will be discarded.
B. Feature Description
Stable SIFT points are obtained after SAR image is processed in the above steps. As the center, these feature points are sampled, and the domain pixel gradient orientation is counted with the histogram where a bin has 10 degrees and there are a total of 36 bins. The highest peak of this histogram represents the main orientation of the neighboring gradient at the feature point, namely, the orientation of the feature point. Sometimes there will be another peak which corresponds to 80% the energy of the highest peak in the histogram of the gradient orientation. This peak orientation is considered as a secondary orientation of the feature point. To enhance the robustness, a feature point may be designated more than one orientation. The gradient magnitude 
The coordinate axis is rotated to the orientation of the feature point so that the feature point has the rotation invariance. Then an 88  pixels window is taken from the feature point as the center and its magnitude and orientation is calculated by Equation (5) . Finally, the weight values are assigned by Gaussian weighting. Gradient orientation histogram of 8 orientations and the accumulated values of each gradient orientation are calculated by 44  small pieces as a seed, so that each feature point has 4 4 8=128  dimensions, which can enhance the algorithm ability of noise resistance. In this fashion, now SIFT vector has scale invariance and rotational invariance, and the length of the feature vector can be normalized to remove the illumination change.
C. Image Matching
The ratio of the nearest neighbor and second nearest neighbor is considered as a similarity measure when the images are matched. If the ratio is less than a certain threshold value, the corresponding point is a correct pair of matched points; otherwise it is discarded. If the ratio is small, it is possible to obtain a high accuracy of matching results, but a part of correct matching may be discarded. Hence, the ratio of 0.6 as an empirical value is used in this paper, and mismatching points are removed by RANSAC algorithm [18] which can successfully eliminate mismatching points.
IV. IMAGE REGISTRATION
The optimal affine transformation parameters are obtained by matching, and then the slave image to the master image is re-sampled. Non-integer coordinate values are acquired by estimating the value of integer coordinates with bilinear interpolation, when coordinate
ii in the slave image meets Equation (6). Six optimal parameter solutions in Equation (6) are achieved by least squares method (LSM) after no less than three pairs of matching feature points are determined in master image and slave image. 
V. EXPERIMENTAL ANALYSIS
In this section, experiments were conducted by applying the proposed approach to a large number of mismatch images in the mining SAR registration. Terrain deformation and ecological environment change in Yanzhou Mining Region were more serious after years of mining, so thirty pairs of test images were extracted from the SAR image database in Yanzhou Mining Region. The test images were captured in 2012. The registration of one pair of images was presented in this paper, where both resolutions of master image and slave image were 3m. Their sizes are of 610 481  pixels and 698 535  pixels, respectively. The two images differed in rotation (approximately 10°), illumination and also apparent affine distortions. This experiment was carried out on a matlab7.13 platform to verify the effectiveness of this method of mining SAR registration. Test images were of eight-bit grayscale and the matching was performed on a 4GHz computer. Original images were shown in Figure 2 . Figure 2 (a) was a master image, while Figure 2 (b) was a slave image.
In this experiment, the Canny edge detection and connection is used to segment regional feature. Seen from Figure 3 and Figure 4 , 4 typical large areas are left, while small areas are removed by dilation and erosion in Figure  4 (a) and Figure 4 (b) . SAR images are matched if Euclidean distances of 4 large regional invariant moments are the minimum between master image and slave image. Seen from Table 1 , the corresponding correct matching regions are marked with the serial number of the regions in Figure 4 . Then fine matching is achieved by SIFT with improved Canny feature point and by RANSAC [18] Figure 7 . The respective SIFT points were 1466 and 1866 in the master image and the slave image when SIFT algorithm was processed. SIFT descriptions were shown in Figure 5 . Stable SIFT points were respectively 856 and 907 after the removal of unstable SIFT points by Canny edge detection, which was shown in Figure 6 . SAR images are obtained with accurate registration in above two matching steps. The registration results are displayed in Figure 8 . The Root Mean Square Error (RMSE) is 0.6646 pixel with the integrated registration, 15.7% less than that of 0.8009 pixel with Contour registration [20] . The interferogram average coherence of Yanzhou Mining Area SAR images is 0.4821 by the integrated registration generating, while it is 0.3162 by the Contour registration generating. Table 2 shows the comparison of registration accuracy between SIFT registration and Edge contour registration.
30 reference points in each test image were selected for testing. The data were calculated from Equation (7) to Equation (9) [21] in the Table 2 . Compared with the classical SIFT matching method, the integrated registration not only overcomes the mass data of the features, but also removes most of the edge response points by Canny edge detecting and improves the stability of SIFT points. Figure 9 (a) and Figure 9 (b) show the interferometric phase diagrams of Yanzhou Mining Region SAR images with the integrated registration and the contour registration, respectively. Seen from Figure 9 , the quality of interferometric phase diagram generated by the former method has a larger improvement than that by the latter method, so the integrated registration method can provide more reliable data for the mine changes. In summary, compared with other methods, the integrated registration can not only improve the SAR image registration accuracy in mining areas, but also reduce the amount of computation, so the integrated registration method can provide more reliable data for the mine changes.
VI. CONCLUSION
This study proposes the automatic registration of SAR images with the integrated complementary invariant feature, which includes two steps from coarse matching to fine matching so that the accurate registration is achieved for SAR images. The experiment shows that SAR image registration accuracy has a significant impact upon the quality of interferometric phase image, thereby influencing the monitoring of mine subsidence and ecological environment. Thus this accurate registration method of SAR images is significant for the comprehensive examination of mine subsidence and ecological environment.
